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Thermal isomerization in Cs4Cl3
2
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Theoretical electronic structure studies have been carried out to show that the recently observed thermal
isomerization in Cs4Cl3

2 clusters is due to three energetically close structures with a cuboid, a ladder, and an
octagonal ring arrangement. It is found that the electronic excited states can serve as a fingerprint for identi-
fication of these structures. By calculating total energies and electronic excited states, we identify the cuboid as
the most stable geometry. The vibrational spectra of the isomers are shown to be marked by low-energy modes
which enable them to isomerize at ordinary temperatures.@S1050-2947~98!02607-9#

PACS number~s!: 36.40.Cq, 61.46.1w, 73.20.Dx
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Extensive experimental and theoretical work@1# on small
clusters has shown that their physical, chemical, electro
and magnetic properties are different from the bulk. T
keys to these differences are the finite size and the fact
the geometrical arrangements can be very different from
bulk. A unique feature exhibited by some clusters is t
clusters of the same size and composition can exhibit dif
ent properties@2#. This is due to the possibility of isomer
with different geometrical arrangements@3#. Actually, the
phase space of clusters is often marked by valleys, and
the clusters are formed via a condensation of atoms, the
glomerates can condense into various configurations. In m
cases, the barrier heights between different configurations
very small, or the valleys are connected and the clusters
dense to the well-defined ground state. However, an inter
ing situation can arise if the ground state is marked by en
getically competing isomers which are separated
moderately low activation barriers or by very long low
energy vibrational or rotational pathways that must be
versed for transformation. This can lead to the appearanc
cluster isomerization at ordinary temperatures with clus
settling down to the ground state only at very low tempe
tures.

In a recent paper, Fatemi, Fatemi, and Bloomfield@4# re-
ported the first observation of spontaneous thermal isom
ization in alkali-halide clusters near room temperature. Th
generated clusters in a beam via laser vaporization of
solid alkali halide, and analyzed them via negative ion p
toelectron spectroscopy. Their spectra on a variety of hal
show the existence of isomers. While the possibility of is
mers in alkali-halide clusters has been suggested be
@5,6#, the new results show an extremely interesting featu
The clusters isomerize between different structures at o
nary temperatures. Consider the same authors’ experim
on (CsCl)3Cs2. The photoelectron spectra at 297 K show
large peak at 0.39 eV, and two minor peaks or humps at 0
and 1.01 eV. As the temperature is lowered to 116 K,

*Present address: Department of Physics, Georgetown Unive
Washington, D.C. 20057.
581050-2947/98/58~1!/744~4!/$15.00
c,
e
at
e
t
r-

as
g-
st
re
n-
st-
r-
y

-
of

rs
-

r-
y
e
-

es
-
re
e.
i-

nts

2
e

peaks at 0.72 and 1.01 eV disappear, suggesting that
clusters condense into the structure with the lowest elec
affinity. As further evidence of thermal isomerization, the
authors carried out experiments where the lowest affin
clusters were depleted from the beam. They observed t
repopulating via thermal isomerization from the remaini
isomers. Using simple models, the authors of Ref.@4# sug-
gested that the isomers probably correspond to a (Cs3
hexagonal ring decorated by a Cs2 ion, a 23232 cuboid
with a missing atom, and an octagonal ring. They also
served@7# similar features in (CsBr)3Cs2 and (CsI)3Cs2. In
all cases, the clusters settle into the lowest electron affi
configuration at low temperature. Based on this observat
Fatemi, Fatemi, and Bloomfield@7# suggested that the mos
stable alkali-halide clusters correspond to the structures w
the lowest electron affinity.

In this Brief Report, we present an in-depth theoretic
investigation of the above isomerizations via studies
(CsCl)3Cs2 clusters. The basic issues we wish to address
~1! the nature, geometries, and the stability of the low-ene
structures;~2! the nature of the electronic spectrum and t
possibility of identifying geometries via the observed ele
tronic excitations; and~3! the possible vibrational modes re
sponsible for the interconversions between the isomers.
studies are based on a linear combination of atomic orbi
molecular orbital approach@8,9#, and are carried out within
the density functional framework@10,11#. We show that the
cluster indeed has three isomers as observed experimen
but their geometries differ from those suggested by Fate
Fatemi, and Bloomfield. The isomers can be distinguished
their electron affinities@12# and the excitation spectrum. In
terestingly, the clusters have very low-energy vibration
modes which facilitate interconversion via simple atomic
arrangements. We therefore elucidate the pathways res
sible for the observed transformation.

The theoretical calculations were carried out by expa
ing the cluster molecular orbitals in terms of atomic orbita
f(r 2Rj ) centered at the atomic sitesRj , i.e.,

c i5(
j

Ci j f j~r2Rj !. ~1!ty,
744 © 1998 The American Physical Society
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The exchange-correlation effects were treated within a d
sity functional formalism by using the form proposed
Ceperley and Adler@13#, and gradient corrections within
generalized gradient approximation~GGA! proposed by Per-
dew and Wang@14#. As expected from results of Refs
@15,16#, we have verified the results presented here are
same for the earlier@14# and most recently improved@15#
GGA energy functionals. The variational coefficientsCi j
were obtained by solving the one electron Kohn-Sham eq
tions @17#

~2 1
2 ¹21Vion1VH1Vxc

a !ucn
a&5en

aucn
a& ~2!

self-consistently. In Eq.~2!, the first term is the kinetic en
ergy operator,Vion is the ionic potential,VH the hartree po-
tential, andVxc

a the exchange correlation potential depend
on the spina. ucn

a& is thenth molecular orbital for the spin
a. The calculations were carried out at the all-electron lev
The basis sets used here were optimized fully for local d
sity approximation~LDA ! calculations@18#. For Cl, a total of
17 bare Gaussians were contracted to a 5s 4p 3d basis set.
For Cs, a total of 25 bare Gaussians were contracted to as
6p 8d basis set. The inclusion ofd functions in the basis se
for Cl was needed to properly describe the CsCl clus
since there is a charge transfer to the Cl atoms. The detai
the calculations were given in earlier papers@11#.

Let us begin with atoms and dimers to situate the ac
racy of our calculations. For a Cs atom, within the GGA w
find an ionization potential and electron affinity of 3.86 a
0.50 eV compared to the corresponding experimental va
of 3.89 and 0.47 eV, respectively. For the Cl atom, our c
culations give an ionization potential and an electron affin
of 14.17 and 3.72 eV, respectively, compared to the exp
mental values of 12.97 and 3.62 eV, respectively. We a
calculated the bond lengths and binding energies of Cs2, Cl2,
and CsCl dimers. These are compared with the experime
quantities@19# in Table I. It is interesting to note that whil
the LDA results differ significantly from experiment, the in
clusion of gradient corrections~GGA! leads to good agree
ment with experiment. For CsCl, as expected, the Mullik
population analysis showed that there is a charge tran
from Cs to Cl.

We now describe our electronic structure studies
Cs4Cl3

2. Several geometries were investigated. Figure 1~a!
shows the first geometry referred to as a cuboid. It is a cu
fragment of the NaCl structure with a missing Cl atom. T
cluster has aC3v symmetry. The energy was minimized u

TABLE I. Equilibrium bond lengths~a.u.! and binding energies
~eV! for Cs2, Cl2, and CsCl based on the present calculations
experiment.

Molecule Bond Length Binding Energy
Calculated Expt. Calculated Expt

LDA GGA LDA GGA

Cs2 8.67 9.03 8.32210.04 0.56 0.48 0.45
Cl2 3.84 3.90 3.76 3.18 2.74 2.48
CsCl 5.44 5.54 5.4925.78 4.94 4.72 4.62
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ing gradient corrections. The final geometry is shown in F
1~a!. The cluster had an atomization energy~corresponding
to fragmentation into a Cl2 ion and the remaining neutra
atoms! of 15.70 eV within the LDA, and 14.51 eV when th
gradient corrections were included. The CsCl bond len
varies between 3.28 and 3.34 Å compared to 3.45 Å in b
@20# and 3.06 Å in the dimer. As mentioned before, Fatem
Fatemi, and Bloomfield measured the electron affinities
various isomers. To explore if this structure is one of t
isomers found in experiments, we calculated the verti
electron affinity by calculating the total energy of a neut
cluster with the same geometry as the anion. The calcula
value was 0.47 eV, which is close to the lowest electr
affinity of 0.39 eV found in experiments. We also inves
gated the nature of bonding by carrying out a Mulliken pop
lation analysis of the resulting charge. The Cl atoms gain
e2 while the Cs atoms losee2’s. The extra charge is locate
in the region of the missing Cl atom resembling anF8 center
in alkali halides@21#.

The second structure, which was suggested for alk
halide clusters at high temperatures, is an octagonal
shown in Fig. 1~b!. The cluster is symmetric around a hor
zontal axis passing through the central Cl site. The ene
was optimized within the assumption of a planar geome
The final bond lengths are shown in Fig. 1~b!. The atomiza-
tion energy was 14.92 eV within the LDA, and 14.01 e
including gradient corrections. The structure is only 0.5
higher in energy than that in Fig. 1~a!. It is important to note
that an energy difference of 0.5 eV corresponds to 0.07
atom which is truly small. A Mulliken population analysi

d

FIG. 1. Geometries for the negatively charged Cs4Cl3 cuboid,
ring, Cs-capped hexagon, and ladder structures, respectively.
shown are the electron affinities (A) and binding energies per atom
(B) for the three most stable symmetries. The cuboid has b
lengths of 3.34 and 3.28 Å. The ring has bond lengths of 3.29
3.32 Å. The ladder has bond lengths ranging between 3.16 and
Å.
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shows that the Cl gain ane2. The extra charge is agai
located in the opening of the ring. The cluster has an elec
affinity of 1.06 eV.

Let us now consider the third geometry proposed in Re
@4,7# This is a (CsCl)3 hexagonal ring capped by a Cs2 ion
shown in Fig. 1~c!. The geometry was optimized in the sam
manner as in case 1, but the cluster always transformed to
cubic structure indicating that this geometry is not stable

Several different geometries were tried, and we found t
a planar ladder structure has a low energy. This structur
shown in Fig. 1~d! and the energy was optimized within th
assumption of a planar geometry. The cluster had an ato
zation energy of 15.13 eV within the LDA, and 14.08 e
when gradient corrections were included. This structure
therefore more stable than the hexagonal ring. It had a
tical electron affinity of 0.58 eV.

We now come to a critical comparison of our findin
with experiment. The above results show that the Cs4Cl3

2

indeed has three energetically close structures. The gro
state is a cuboid followed by a planar ladder and a r
structure. These clusters have electron affinities of 0
0.58, and 1.06 eV. The experiments at 273 K show peak
0.39, 0.72, and 1.01 eV. Within the accuracy of the calcu
tions and the experiments, one can therefore suggest tha
three peaks seen in the experiment are the above three s
tures. The experiments also show that as the temperatu
lowered to 116 K,~1! the humps at 0.72 and 1.01 eV disa
pear, and~2! the high-energy peaks at 1.50, 1.84, and 2.1
remain intact. The cuboid is indeed the most stable out of
three structures, and exhibits the lowest electron affinity
the experimental observation that the lowest affinity struct
survives at low temperature is therefore in agreement w
theory. To further ensure that the cuboid is the most sta
species, we calculated the excited states@22# of the three
structures. The cuboid has a total of nine low-energy exc
states with energies of approximately 1.45, 1.85, and 2.1
which correspond to the major peaks seen in the low te
perature experiments. The ring and ladder have first exc
states at 2.28 and 1.10 eV, respectively. The 2.28-eV
excitation coincides with the 2.1-eV excitation peak of t
cuboid structure. The 1.10-eV ladder excitation energy co
cides with the 1.01-eV affinity of the ring structure. Th
absence of the 1.10-eV ladder excitation peak at low te
perature further confirms that the ladder is not presen
these temperatures. To compare directly to the lo
temperature experimental photodetachment spectra we
calculated a joint density of states~JDOS!, and show the
results in Fig. 2. Also included in the figure is the peak
0.47 eV which corresponds to the photoionization of t
negative ion. For presentational purposes the JDOS is br
ened by 0.25 eV. Comparison of our JDOS to the experim
tal work of Ref.@4# shows excellent agreement. This furth
reaffirms that the cuboid is the most stable low tempera
structure.

As mentioned above, the authors of Ref.@7# tried to de-
plete the low affinity clusters from the beam to explore t
interconvertability between different structures. The hi
electron affinity structures populated the lowest affinity pe
indicating that it is possible to convert easily from one fo
to another. To understand these results, we have used
vibrational-methodology of Ref.@23# to analyze the diagona
n
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spring constants~DSC’s! obtained by diagonalizing the Hes
sian matrix associated with each isomer. For the cub
structure we find that the eigenvalues of the Hessian ma
are all real, indicating that the cuboid structure is indee
locally stable geometry. Significantly smaller DSC’s occ
for the ladder and ring structures, and extraordinary m
sures were required to determine whether the low freque
ladder and ring modes were real or imaginary. For exam
for the ladder, the three smallest DSC’s are 10–100 tim
smaller than observed in the cuboid structure. These mo
correspond to ladder folding~imaginary!, and in-plane~real!
and out-of-plane~imaginary! wagging of the excess Cs atom
Subsequent frozen-phonon calculations verify that the po
tial energy surface is exceedingly flat in the vector spa
spanned by the two smallest DSC’s. For example for
ultrasoft in-plane wagging mode of the excess Cs atom,
energy changes by only60.019 eV as it vibrates with an
amplitude of 1 bohr.

The ladder-folding and in-plane wagging modes of t
ladder structure appear to be the most interesting. The
plane Cs-wagging mode~7.9 cm21) allows the extra Cs
atom to rotate to a point where it would bind to the Cs ato
associated with the middle Cs-Cl rung. This leads to a d
torted planar hexagon with a central Cs atom. A subsequ
out-of-plane relaxation of the central Cs atom would lead
the unstable Cs-capped hexagon structure@Fig. 1~c!#, which
would relax to the cuboid structure. A larger amplitude v
bration allows the excess Cs to encounter the Cl atom at
bottom rung and break the Cs-Cl bond associated with
middle rung. Subsequent in-plane relaxation of the midru
Cs may allow the ladder to convert to the octagon struct
of Fig. 1~b!. The imaginary ladder folding mode (2.4i cm21)
folds the ladder about the central CsCl rung, which provid
a direct route for transformation into the cuboid. Due to t
extreme softness of several vibrational modes of the lad
and ring structures, they will be long lived once created. O
movies suggest that the ladder folding and in-plane wagg
mode are the only soft modes which allow for interconv
sion between the ladder and cuboid and the ladder and
structures. Because there are two obvious ways of conver
the ladder to the cuboid, one obvious way of converting
ladder to the ring, and no obvious ways for directly conve
ing the cuboid to the ring, we would expect that the ladd
geometry would be more abundant than the ring geom
even though they are energetically degenerate. This is ind

FIG. 2. The joint density of states for the Cs4Cl3
2 cuboid clus-

ter. The lowest peak corresponds to removal of one of the hig
occupied molecular orbital~HOMO! electrons. The three highes
peaks correspond to simultaneous removal of one HOMO elec
and promotion of the remaining HOMO electron to an excited sta
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what appears in the photoelectron spectra of Fatemi, Fat
and Bloomfield. The peak associated with the ladder affin
is twice as large as the peak associated with the ring affin

To summarize, we have shown that the ionic Cs4Cl3
2

clusters and other similar Cs-halide clusters are ind
marked by three energetically close isomers. The high
energy isomers exhibit vibrational degrees of freedom w
ultrasoft vibrational modes that provide for their observab
y
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ity and facile interconversion at moderate temperatur
They can be fingerprinted by their electron affinities and
excited states in the negative ion photoelectron spectrum
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